A non-destructive evaluation (NDE) system was set up in our laboratory. A high-T c dc superconducting quantum interference device (dc SQUID) made from YBa 2 Cu 3 O 7−δ thin film on a 24
Introduction
There is tremendous potential in employing a high-T c superconducting quantum interference device (SQUID) for non-destructive evaluation (NDE) of non-magnetic metallic structures [1] [2] [3] . The ultra-high sensitivity of the high-T c SQUID to magnetic flux and its ability to function at low frequencies gives it a distinct advantage over conventional techniques in NDE applications. These qualities of the SQUID enable it to detect cracks lying in deep subsurface matter. For NDE of non-magnetic metallic structures, high dynamic range excitation coils are also required to increase signal-to-noise ratio. Excitation coils can be placed under a test sample, farther away from the SQUID [4] , which is not always possible in real situations. Alternatively, excitation coils can be placed between the SQUID and the sample. Unfortunately, this will increase the separation between the SQUID and the sample, which is undesirable. One of the most successful excitation coils used in NDE is a gradiometric double-D excitation coil with a compensation coil proposed by Tavrin et al [5] [6] [7] [8] [9] [10] . The essence of using two symmetrical coils is to minimize the magnetic flux of the excitation coils at the location of the SQUID sensor. Modifications of the double-D excitation coils and other coil configurations such as 'remote' excitation coils were proposed recently [11] .
In this paper, we propose a novel design of two symmetrical thin excitation coils placed outside the protrusion of a Dewar. The coils are balanced by a potentiometer. Our design of the excitation coils has several advantages. First, not only the excitation coils but also the SQUID sensor can be placed very close to the test samples at the same time. The distance between the SQUID sensor and tested samples is only limited by the thickness of the Dewar's bottom layers. Second, the excitation field experienced by the SQUID is minimal, similar to the case involving a double-D coil, as the two coils are oppositely wound but otherwise identical. Thirdly, there is ample space to wind a large number of turns of the two coils in order to detect deep-lying flaws in the samples.
Experimental set-up
Our experimental system consists of a dc SQUID magnetometer and its relevant electronic system, a lock-in amplifier, and a Dewar made of isolating material. A personal computer was used to collect data from the lock-in amplifier through a GPIB interface. The SQUID sensor was fabricated on a YBa 2 Cu 3 O 7−δ thin film, which was grown by a pulsed laser deposition (PLD) on a 24
• bicrystal SrTiO 3 substrate [12] . The transition temperature T c0 of the film measured away from the in the white noise region, corresponding to a field sensitivity of 3 pT Hz −1/2 in this region. The SQUID worked in a fluxlocked loop (FLL) configuration with a 100 kHz modulation frequency. The bias current reversal technique was applied to reduce 1/f noise due to critical current fluctuations.
Two excitation coils with the same dimensions of 10 mm × 20 mm × 1 mm and of 400 turns were employed. They stood beside the bottom protrusion of the Dewar. A potentiometer with a resistance of 110 was connected in parallel with the two excitation coils. The distance between the two coils was about 30 mm. The holder containing the SQUID sensor was placed at the inside bottom of the Dewar. A schematic diagram illustrating this system is shown in figure 1 while the relative positions of the SQUID sensor, the excitation coils and the Dewar are depicted in figure 2. In such a configuration, the distance between the SQUID sensor and the test sample was 7.5 mm. This distance could be shortened if a Dewar with a thin bottom was used. The distance between the bottom of the excitation coils and the sample is only 1.5 mm. Magnetic fields produced by the excitation coils were normal to the substrate, of approximately equal intensity but in opposite directions to the plane of the SQUID loop. When a sample without any flaw was tested under the SQUID sensor, currents flowing through the two coils were adjusted carefully by the potentiometer so that the overall excitation flux entering the SQUID loop was reduced to a minimum and the dynamic range of the SQUID responding to eddy current signals would therefore be optimized. The signal-to-noise ratio in induced eddy current techniques can be improved simply by increasing the driving current as long as the FLL state of the SQUID is not destroyed. When one of the excitation coils scans over a crack, a peak of the flux produced by eddy currents would be present in a scan line. The other excitation coil would produce another flux peak in the scan line, but with an opposite sign. The scan line of our NDE system was similar to the case of using double-D excitation coils [7, 8] , but the two peaks that appeared in our scan line were separated by a distance determined by the relative positions of the two excitation coils. This assured the high sensitivity and spatial resolution of our SQUID testing system.
A series of experiments were performed to detect a small artificial slit with a width of 1 mm at the centre of an aluminium plate using the SQUID detecting system. The thickness of the square Al plate was 3 mm while its area was 200 mm × 200 mm. A stack of similar Al plates (consisting 5 layers) was put on a platform that moved along the x-axis (see the arrow in figure 1 ) so that the SQUID could scan across the slit in one dimension. In order to simplify our experimental data analysis, we limited the scan area to a region of 100 mm 2 enclosing the slit so that the variation of the SQUID output due to the edge effect of the Al plates would not be observed. To minimize the effect of environmental noise, a bandpass filter with a pass-frequency range of 10 Hz to 200 Hz was connected in series with the lock-in amplifier.
Experimental results and discussion
The experiments were carried out when the plate with the slit was positioned at different layers of the Al stack in the absence of magnetic and electric shielding in our laboratory. Despite this, the SQUID magnetometer could be locked well in such an environment. Curve (a) in figure 3 shows the in-phase output signal of the lock-in amplifier when the Al plates without any flaws were used as test objects. The noise level was measured to be about ±15 mV and no prominent peak was seen. When we set the Al plate with the slit to be the top layer of the stack, and adjusted the frequency and amplitude of the driving current to 180.4 Hz and 20 mA resepctively, two peaks of similar heights higher than 2.5 V but with opposite signs were observed, as expected. The corresponding scan line is given as curve (b) in figure 3 . The two peaks in curve (b) indicate the position where the excitation coils was just over the slit.
Novel excitation coils for non-destructive evaluation of non-magnetic metallic structures Since the distance between the two peaks should be exactly the distance between the two coils, scan lines could easily be calibrated using this distance. In this way, the slit position could be more accurately defined by the two peaks. We then moved the sample back from the other direction and recorded the scan line using the SQUID sensor again. We observed the two separated peaks appearing with a similar shape but with reversed sequence in the scan line, plotted as curve (c1) in figure 3 . We reversed the sign of curve (b) and plotted the corresponding data as curve (c2). It is obvious that the curve (c2) almost matches curve (b). A slight offset between curve (b) and curve (c2) in figure 3 might be attributed to the uncertain position read-out of the movable platform that loaded the samples on its way back. The fact that the two curves nearly matched confirmed that the SQUID NDE system with the novel excitation coils was feasible and dependable. Setting the Al plate with a slit as the second layer of the stack, moving the sample along the same direction as that in curve (b), and keeping the conditions of the driving current unchanged, we observed the two peaks again with lower intensity and smaller width, which is plotted as curve (d ) in figure 3 . The fixed position of the two peaks in curves (b) and (d ) affirms that the peaks are due to the existence of the slit. The decrease in the intensity of the peaks indicates that the depth of the flaw has a great effect on the signal collected. The eddy current induced at a flaw at a depth of z can be expressed as j (Z) = j 0 e −Z/δ , where δ is the skin depth. The value of δ can be increased by reducing the driving frequency. The equation suggests that a deep flaw would be detectable at a low driving frequency.
To investigate the effect of the flaw depth on the output signal of the NDE system, we reduced the driving frequency to 145 Hz while raising the driving amplitude to 30 mA. The output signals of the amplifier are shown in figure 4 as curves (a), (b), and (c) when the Al plate with a slit was positioned at the top layer, the second layer, and the third layer of the stack respectively. Although the two peaks attenuated quickly when the depth of the flaw was increased, they were still significant when the flaw was positioned under a 6 mm thick stack of Al plates. The slit on the fourth layer was detected only when we slightly decreased the driving frequency to 140 Hz, as shown in curve (d ). The distances of the two peaks in these four curves were still the same as those in figure 3 . NDE experiments using this system were also performed and similar experimental results obtained with an Al plate containing a hole of 2 mm in diameter instead of a slit at its centre.
Conclusion
Flaws at different depths of a stack of Al plates were investigated by the dc SQUID system with two novel excitation coils and a balance circuitry. The deep flaw buried under 9 mm of Al plates could be detected by the NDE system at 145 Hz driving frequency, and very high spatial resolution was also realized. By using a bandpass filter in a noisy environment, for example, in a common laboratory, the system was able to operate with high stability and sensitivity. Our experimental data are reproducible, and the experiments demonstrate that it is feasible to use the high-T c SQUID with the new excitation coils in NDE systems. High signal-to-noise ratio can be achieved by increasing the amplitude of the driving current so as to exploit fully the dynamic range of the SQUID system.
